INTRODUCTION
Natural gas hydrates are clathrate hydrates that form when guest gas (the main component is`methane gas') comes into contact with water under low-temperature and high-pressure conditions. A pressure of at least 5 MPa (about 50 atm) is required for gas hydrate to be stable at a temperature of 280 K (about 79 C). Therefore, natural gas hydrates occur worldwide in marine sediments (e.g., along continental margin), in sediments of deep lakes (e.g., Lake Baikal), and in polar sediments associated with permafrost conditions (e.g., Chersky and Makogan, 1970; Stoll et al., 1971 ). When gas hydratebearing zone exists in sea-and lake-bottom, free gas zone exists below the gas hydrate zone because the ground temperature increases with depths exceeding a certain level. The boundary between the gas hydrate and free gas zones is a marked acoustic re‰ector that is recognized as a bottom-simulating re‰ector (BSR, see in Fig. 1 ). The presence of a BSR is conˆrmed by acoustic probe, which is used eŠectively in estimating the distribution of gas hydrates (Scholl and Creager, 1973) .
Natural gas hydrates are classiˆed by deposition depth as deep or shallow. Deep gas hydrates exist immediately above the BSR, which is approx. 250 m below the sea‰oor. They have been recovered in regions including the Nankai Trough oŠ Japan (e.g., Matsumoto et al., 2004 ) and the Mackenzie Delta in Canada (e.g., Dallimore et al., 2002). Shallow gas hydrates are found in sediments of the surface layer or the exposed sea‰oor. They have been recovered oŠ Sakhalin in the Okhotsk Sea (e.g., Shoji et al., 2005) and in the Gulf of Mexico (e.g., Francisca et al., 2005; Yun et al., 2006) . The pattern of distribution of gas hydrate in a core sample depends on the particle size of the source sediment (Clennell et al., 1999 ). Deep gas hydrates, which occur in sandy soils,ˆll in the pore spaces in the soil, whereas shallow gas hy- drates, which occur in silty soils, exist in clumps and veins (e.g., Bohrmann et al., 2002) . Gas hydrates are attracting attention as a next-generation energy source. Surveys and test drillings of gas hydrates for resource development have been conducted in and around the Nankai Trough and the Mackenzie Delta. Engineering studies have been under way as well. Clayton et al. (2005) prepared sandy soil samples containing gas hydrates and measured the damping and bulk modulus of the samples to analyze the seismic exploration data of gas hydrate-bearing sea‰oor. The sample containing gas hydrates showed higher damping than the sample without gas hydrates with the same moisture content, and the percentage of gas hydrate in the pore space was found to greatly in‰uence the bulk modulus. Priest et al. (2005) measured the shear wave velocity of sandy soil samples with various percentages of gas hydrate in the pore space for validating theoretical models relating seismic wave propagation in marine sediments to hydrate pore saturation. They clariˆed that the shear wave velocity increases as the percentage of gas hydrate in the pore space increases and that the shear wave velocity is dramatically higher when the gas hydrate accounts for 3z to 5z of the total pore space, because the gas hydrates bind the gas and sand particles.
Deep gas hydrates have been studied for resource development, as stated above, and shallow gas hydrates have been attracting attention in relation to the global environment. Methane gas contained in the natural gas hydrates has approximately 20 times the greenhouse eŠect of CO2. There are concerns that dissociation of methane gas, from the gas hydrates distributed in submarine surface layers, due to rising ocean temperatures or vaporization at recovery of the hydrates for energy may contribute to global warming, which in turn may raise the sea level causing climatic instability. Figure 2 shows the distribution of gas hydrates in the seas around Japan, where recovery of gas hydrate is under way, and the boundaries of tectonic plates, which are seismically active. Many gas hydrate-bearing areas are distributed near the boundaries of tectonic plates, as shown in theˆgure. Gas hydrates in the surface layer of sea‰oor may dissociate when seismic activities cause sea‰oor landslides that in turn cause gas hydrate-bearing layers to fail.
There have been concerns over the environmental eŠects of shallow gas hydrates, but surveys and samplings for shallow hydrates have been fewer than those for deep hydrates. Francisca et al. (2005) surveyed sediments on the sea‰oor in the Gulf of Mexico and found shallow gas hydrates on an oil-ˆlled discontinuity plane. In addition, it is found that the sediment strength markedly decreased as a result of an increase in electrical repulsion between sediment particles when gas hydrate dissociation reduced the salinity of the pore water in the collected hydratebearing sediment and as a result of pore water pressure increase from vaporization of dissolved gas in the pore water. Few studies on shallow gas hydrate-bearing ground have been conducted, and the engineering studies conducted by Francisca et al. (2005) are particularly rare. To evaluate the soil properties of shallow gas hydratebearing sediments, it is necessary to consider secondary factors, including salinity, because salinity in‰uences the physical and mechanical behaviour of the sediments on the sea‰oor such as those in the Gulf of Mexico.
In this study, we clarify the similarities and diŠerences in physical and mechanical properties of sediments with and without gas hydrates by observation and by conducting various physical and mechanical tests on gas hydratebearing sediments recovered from the surface layer of the bottom of Lake Baikal in Russia, where gas hydrates exist in freshwater. Changes in mechanical properties associated with the disturbance of the sediment sample recovered from the gas hydrate-bearing ground will be claried.
STUDY SITE
Lake Baikal ( see in Fig. 3 ) is 680 km north-south by 40 km to 50 km east-west (80 km maximum), and the maximum depth is 1643 m, making this lake the deepest in the world (Inoue et al., 1998) . As shown in Fig. 2 , Lake Baikal is on the border of Amur Plate, and there are many faults in the lake bottom. Theˆrst recovery of gas hydrates in Lake Baikal was in 1997, when the Baikal Drilling Project was conducted (Kuzmin et al., 2000) , and surveys have continued in the area since then. The main studies in the Lake Baikal area have been those intended to clarify the formation and generation process of gas hydrates using water and gas in the sediments and analyzing the isotopes and compositions of the gas (e.g., Matveeva et al., 2003) . No engineering studies on the mechanical properties of the shallow sediments there have been conducted.
SURVEY AND SAMPLING STRATEGY
This paper uses samples from a survey of Lake Baikal conducted from 2005 to 2007 by the survey ship Vereshchagin', owned by the Russian Limnological Institute. Core samples were collected in eight areas at the southern parts of the lake. For their proximity, the current study combines the Kukuy K0 and Kukuy Flare areas into one, and the Malenky and Malyutka areas into one. These and four other areas were surveyed, for a total of six areas ( see in Fig. 3 : solid circles). The northernmost area, at St. Petersburg, is about 160 km from the southernmost area, at Malenky-Malyutka.
It is reported that in Lake Baikal gas hydrates exist in the lake-bottom surface layer where mud volcanoes formed from the eruption of cool spring water containing gas and sediment (Matveeva et al., 2003) . Acoustic probe has conˆrmed that gas is ejected from the lake bottom into the lake water in areas where mud volcanoes exist. To collect core samples from the hydrate-bearing soil in the present study, the lake-bottom wasˆrst explored using re‰ection seismology to determine the locations of mud volcanoes and to obtain seismic proˆles. At locations where mud volcanoes were conˆrmed, shallow gas hydrate and surface sediment core samples were collected using two types of gravity core samplers. The core samplers have an outer diameter of 12.5 cm. The lengths of the samplers are 5 m and 3.5 m. Both samplers were adjusted to 700 kg by attaching dead-weights on top. They are double-pipe samplers with an inner cylindrical pipe made of vinyl chloride and having an inner diameter of 10.4 cm. The locations of core collection were determined from the echosounder images. The core sampler was lowered into the lake bottom by winch to between 10 cm and 20 cm after which it was let to freefall. After recovering, on the board, the cores for on-board tests were cut into 1 m to 2 m long sections, and each section was longitudinally halved for visual observation and testing. Onboard tests were performed on a section of a clump of gas hydrate in the core. In addition, gas hydrates start on dissolving and vaporizing at water depths over about 400 m ( see in Fig. 1 ) and cores recovered from the lake-bottom were left for about 2 hour in the room temperature condition on the board. Hence all small gas hydrates in the test section were almost changed to gas and water. The cores for testing at institute laboratories were kept in a sampler pipe that was stored vertically on the ship for several days, and then cut into 50 cm-long sections. Both ends of the cut pipe were sealed with para‹n for transportation. Figure 4 shows the core sampling locations on the mud volcano in the Kukuy K2 area (Kida et al., 2006) . As shown in theˆgure, the core samples were collected from several locations of each mud volcano, including at the top and on the slope. To compare the soil property, sediment including gas hydrates from Kukuy K2, MalenkyMalyutka and Peschanka P2 areas were also retrieved from the grounds for which gas hydrate has not been conrmed by acoustic exploration. In this paper, these samples are called`reference'. The reference ground in the Kukuy K2 area is about 1.7 km from the mud volcano as shown in Fig. 4 .
In these surveys, the lake-bottom sediments cores retrieved 135 samples from the mud volcano grounds, of which 121 were used for observation of the sediments on board and 14 were transported with whole cores to perform the laboratory tests. In the on-board tests performed on the mud volcano samples, gas hydrates were found in 34 samples. In addition, the reference cores retrieved 12 samples, of which 8 were used for observation of the sediments on board and 4 were transported with whole cores. Of the samples retrieved from lake-bottom grounds, core locations (latitude, longitude, water depth) and characteristics (the length of sampler and core length, and presence and absence of gas hydrates) of 41 cores on which on-board and laboratory tests were performed, are shown in Table 1 .
TEST METHOD

On-board Tests
To measure the strength of the soil sediments immediately after recovery, the following tests were performed on-board: vane shear strength test, cone penetration test 
Reference cores, W: Whole cores using a compact soil hardness tester, unconˆned compression test, and measurement of shear wave velocity by bender elements. Figure 5 shows the testing points on the cut core surface.
Vane Shear Test
The test was done by using a shear vane of 10 mm in diameter, D, and 20 mm in height, H, attached to a compact torque driver. Measurements were conducted at intervals of 10 cm in the depth direction on the core surface that was longitudinally cut in half. The maximum torque, M, was measured by rotating the torque driver while penetrating the vane in the sample. The vane shear strength, tv, was calculated from the following equation:
Cone Penetration Test using a Soil Hardness Tester The tester used was a compact Yamanaka Soil Hardness Tester (Yamanaka and Matsuo, 1962) . The diameter, length, and apex angle of the cone were 9 mm, 20 mm, and 25 degrees, and the spring strength was 1 N/10 mm. Penetration depth was measured by applying the tip of the hardness tester to the cut core surface at intervals of 10 cm. The cone penetration resistance, qc, was obtained using the following equation and applying the penetration strength, p, obtained from the spring strength and the sectional area of the cone, A.
Unconˆned Compression Test An unconˆned compression test was done using manual loading equipment. Core samples were sectioned at 50 cm intervals in the depth direction. The resulting samples were 35 mm in diameter and 60 mm in height. Load was applied at 10 mm/min.
Shear Wave Velocity Test using Bender Elements
The setup of the bender element (BE) test is shown in Fig. 6 . The BEs are inserted at 10 cm intervals on the longitudinally cut core surface and the shear wave velocity, Vs-1, is calculated from the time for the shear wave to travel between the BEs and the distance between the BEs ( see in Fig. 6(a) ). The shear wave velocity in the depth direction, Vs-2, was also determined for each unconˆned compression test sample that had been cut at 50 cm intervals ( see in Fig. 6(b) ). The onboard BE test was conducted only in the 2006 survey.
Laboratory Tests
The core samples transported to the institute laboratory were subjected to unconˆned compression tests done using a procedure similar to that for the on-board tests, and to incremental loading consolidation tests using test equipment with BEs (OE test), in order to understand the elastic modulus behaviour of the sample at the small strain level. The samples used in the OE test were 60 mm in diameter and 40 mm in height. Consolidation test was performed in 7 incremental loadings of 4.9, 9.8, 19.6, 39.2, 78.5, 157 and 314 kPa, and one unloading from 314 kPa to 4.9 kPa was also done. The test equipment had a pair of BEs: one at the top of the sample and the other at the bottom. At the end of each increment the shear wave velocity, Vs, was calculated and the shear modulus, GBE (＝rsV 2 s ), was obtained. In the equation, rt is the wet density. The transmitting element was driven by ±10 V amplitude waves from a generator with a single sinusoidal wave of diŠerent frequency. The eŠective propagating distance and the arrival time of the shear wave were dened by the distance from tip-to-tip of the BEs and the starting points of the input and received waves, respectively (Yamashita and Suzuki, 2001 ). The shear wave velocity used was the average of those measured using sinusoidal waves of 10, 15 and 20 kHz.
CORE OBSERVATION AND ONBOARD TESTS
Core Observation Figure 7 shows soil drilling log of some of the cores retrieved in the Kukuy K2 area ( see in Figs. 7(a) to (d)) and in the Malenky-Malyutka area (see in Fig. 7 (e)), respectively. Photos i to v of the observed gas hydrate are for the sections shown as 1 to 5 in the stratigraphic columns. The core from the mud volcano in the Kukuy K2 area ( see in Figs. 7(a) to (c)) consists mostly of cohesive soil, regardless of depth. These results were almost the same in the other mud volcano cores. The reference core from the Kukuy K2 area (see in Fig. 7(d) ) consists mainly of clay layers, although clayey silt layers are present at depths of 50-65 cm and 180-200 cm. In contrast, the reference cores from the Malenky-Malyutka area ( see in Fig. 7(e) ) show alternating layers of turbidite from the depths of 40-200 cm.
In the core, spherical gas hydrate grains 0.5-1.0 cm in diameter were observed at depths of 115-126 cm ( see in Fig. 7(a) ), and directly below that area clumps of gas hydrate 5-7 cm in diameter were observed (i). In the sections deeper than 190 cm, vertically distributed gas hydrate (hereinafter:``gas hydrate plates'') with thicknesses of 0.5-1.0 cm were observed (ii). Gas hydrates are observed to distribute in diŠerent patterns at diŠerent depths in the same core ( see in Fig. 7(c) ) (iv, v). In Fig.  7(b) , unlike the gas hydrate observed in Figs. 7(a) and (c), gas hydrate was distributed in reticulate patterns (iii). Here, the mud volcano sample retrieved from the Kukuy K0, Kukuy Flare area also observed the vertical gas hydrate plates of more than 150 cm ( see in Photo 1). The distribution patterns of gas hydrate are diverse even in the cores collected from a single mud volcano. The formation of various distribution patterns of gas hydrate may be attributable to the diŠerence in particle size of the sediment around the gas hydrate and in velocities of gas and water supplied from the deeper parts of the ground (Kataoka et al., 2005) . The vertical gas hydrate plate in the core, as seen in Fig. 7(a) -ii, were thought to have formed along the gas migration route in the sediment. The gas hydrate deposits in Lake Baikal were found in the clay layers similar to those found in the Sea of Okhotsk , which were diŠerent in shape and deposition from the deep gas hydrate in the Nankai Trough, where gas hydrateˆlls the pore spaces in sandy soil. Photo 2 shows the visual observation of the cut surface of the reference sample ( see in Photo 2(a)) and the mud volcano sample ( see in Photo 2(b)), respectively. The depth is the same for the two cores. In Photo 2(b), many voids (from 0.1 mm to 0.5 mm in diameter) were observed in the cut surface of the mud volcano core. Here, it is known that gas hydrate formation requires that water around the gas hydrate is saturated by gas (e.g., Ohmura et al., 2004) . In addition, the high pressure and low temperature are required for higher saturation ratio of gas. Therefore it would seem that the gas concentration in pore water of the mud volcano ground is likely high compared with the reference ground. Figure 8 shows grain size distribution curves for sediment samples collected in the Kukuy K2, MalenkyMalyutka, and Peschanka P2 areas. Solid lines indicate samples from mud volcanoes in each area; broken lines indicate samples from reference areas. As shown in thesê gures, the samples retrieved from the Malenky-Malyutka and Peschanka P2 areas have wider ranges of grain sizes than those from the Kukuy K2 area. However, the diŠerence in grain size distribution between mud volcano and reference samples is relatively small in each area. Here, in most of the samples, diatoms of the order of 0.05-0.1 mm in maximum diameter were observed by electron microscopy ( see in Photo 3). It is known that the sediments of Lake Baikal contain many diatoms (refer to Inoue et al., 1998) . Therefore, it is considered that diatoms were sensitive to the grain size distribution.
Physical Properties
Figures 9, 10 and 11 show the results of the tests performed on the samples for various depths below the lake bottom using the mud volcano and reference samples retrieved from the Kukuy K2 ( see in Fig. 9 ), MalenkyMalyutka ( see in Fig. 10 ) and Peschanka P2 ( see in Fig.  11 ) areas (a; water content, w, b; soil particle density, rs, c; liquidity index, IL, d;ˆnes content, e; vane shear strength, tv, f; cone penetration resistance, qc, g; unconned compressive strength, qu, and h; shear wave veloc- 11(b)) except for shallow depths above 150 cm of the reference samples retrieved from the Peschanka P2 area covers a range between 2.6 g/cm 3 and 2.8 g/cm 3 . As the shallow depths past above 150 cm of the reference samples retrieved from the Peschanka P2 area has a high Fig. 7(e) , the reference sample retrieved from the Malenky-Malyutka area has alternate layers of clay, silt, and sand, between 50 cm and 280 cm. Therefore, it is considered that a scatter of the IL and a decrease of the clay contents are re‰ected in the variation of layers.
To examine whether the sediment collected from Lake Baikal has diŠerent physical properties from those of the sediments from other aquatic gas hydrate areas, we compared the plasticity curve for the sediment from Lake Baikal with that for the sediment from the Gulf of Mexico (300 m long core collected at the water depth of 1291 m), where shallow hydrates exist (Yun et al., 2006) , and with that from Saguenay Fjord in Canada (3 m to 40 m long cores collected at the water depths of 180-270 m) (Levesque et al., 2007 ) ( see in Fig. 12 ). From Fig. 12 , it is known from the mud volcano and reference samples that the sediment of Lake Baikal has a high liquid limit and that it diŠers little from the sediment of the Gulf of Mexico or Saguenay Fjord.
To analyze the mineral components of the sediments from Lake Baikal, an X-ray diŠraction test was conducted on sediment samples from the depths of 150 cm and 300 cm in the Peschanka P2 area. At the depth of 150 cm, clay minerals such as Illite and Kaolinate were found, and at the depth of 300 cm, Smectite group minerals were found ( see in Fig. 13 ), through a procedure using ethylene glycol. No clear diŠerence was observed between the samples from the mud volcano and reference ground at any depths.
Onboard Test Results
The results of various on-board tests are also shown in Figs. 9 to 11. Here, two kinds of BE tests were performed to measure the shear wave velocity: One is done by placing the BEs horizontally to the cut core, Vs-1 ( see in Figs. 6(a)), and the other is done by placing the BEs vertically, at the top and bottom of the cut core, Vs-2 ( see in Fig.  6(b) ). Compared with the results obtained from BE tests ( see in Fig. 14) , two measurements showed approximately 1:1 relationship. Therefore, it seems that the eŠect of the shear wave velocity on the direction of the BEs was almost nothing.
In the Kukuy K2, Malenky-Malyutka, and Peschanka P2 areas, the reference samples show higher values as the depth increases. On the other hand, the mud volcano samples retrieved from all three areas are uniformly lower than those of the reference samples. Especially, the low strengths of the mud volcano samples are remarkably observed in the unconˆned compression strength, qu. In the Kukuy K2 and Malenky-Malyutka areas, qu of the mud volcano samples is less than half for those of the reference sample at same depth. Here, the gas concentration in pore water of the mud volcano ground is possibly higher than the reference samples retrieved from the same areas, because a gas hydrate formation requires that water around gas hydrates is saturated by gas (e.g., Ohmura et al., 2004) . Additionally, it is known that the strengths of soil containing gas bubble tend to be low (e.g., Wheeler, 1988) . On the basis of these reasons, it is considered that the decrease of qu obtained from the mud volcano samples is re‰ected in the vaporizing of gas in pore water and the dissolving of gas hydrates by the decrease of pressure and the increase of temperature during the sampling. In addition, it should be noted in Figs. 7(d) and 9(h) that the Vs-1 obtained from the reference sample in Kukuy K2 area is slightly high at the silty clay layers. Therefore, it seems that the diŠerence in the strength between mud volcano and reference samples is re‰ected in the grain size distribution.
On evaluating the disturbance in sea-bottom sediment by evaporation of dissolved gas during sampling, it is known that the strength of the samples with gas dissolved in the pore water to saturation was approximately 25z lower than those of the samples without dissolved gas by the results of the triaxial compression tests (Lunne et al., 2001 ). However, the strengths of the mud volcano samples from Lake Baikal were less than half of those of the reference samples at the same depth. This is because the samples of the Lunne et al.'s test retrieved from the land sediment layer at the depth of 20 m compared with our samples were from several meters below the lake-bottom. This resulted in greater stress release in our samples; in addition, the evaporation of dissolved gas at sample recovery formed voids that temporarily increased the pore water pressure of the sample and lowered the eŠec-tive stress, which in turn resulted in a strength decrease. We used an unconˆned compression test in which conˆn-ing pressure does not act on the sample. Our assumption for using such a test is that the disturbance at sampling has greater in‰uence on the strength of the test samples in Comparison between the qu of the mud volcano and reference samples from the Peschanka P2 area shows no diŠerence in strength between the two samples from top of the core down to the depth of 200 cm. The strength of the reference sample from the Peschanka P2 area is less than those of the reference samples from the Kukuy K2 and Malenky-Malyutka areas. As shown in Fig. 11 , the reference sample from the Peschanka P2 area has high w, as shown in Figs. 9(a), 10(a) and 11(a) , and a low rs, as shown in Figs. 9(b), 10(b) and 11(b) , in the upper layer, which is attributed to the eŠect of diatoms and other organic matter on the strength of the reference sample. The strength of the mud volcano sediment in the sections at the depths of 200 cm or greater of the Peschanka P2 sample, similar to the samples from Kukuy K2 and MalenkyMalyutka areas, is about 50z of the strength of the reference samples, from which it is thought that the chief causes of strength decrease are disturbance of the sample by vaporization of dissolved gas, disturbance of the insitu ground by gas and water discharge, and decrease in Figure 16 shows the relationship between the w and the V s-1 in Fig. 16(a) , and the relationship between the w and the undrained shear strength, Su qu, obtained from the qu in Fig. 16 Figure 17 shows comparisons of the undrained shear strength between the vane shear tests, Su tv, and the unconˆned compression test, Su qu, performed on the onboard. From thisˆgure, Su tv and Su qu are approximately the same. Therefore, it should be noted that the vane shear test performed by a compact torque driver has no marked diŠerences in the normal in-situ test. In addition, it is shown that the values obtained from the mud volcano samples are slightly lower than those of the reference samples. Figure 18 shows the relationship between the qu and qc ( see in Fig. 18(a) ), and the tv and the qc ( see in Fig.  18(b) ), respectively. The equations as shown in Fig. 18(a) (qc＝4.87qu, qc＝53＋4.19qu) were calculated by the qc and q u obtained from the terrestrial clay in Japan (refer to Muromachi, 1957) . In addition, the equations as shown in Fig. 18(b) (qc＝9.74tv, qc＝53＋8.38tv ) also calculated the relationship between the equation demonstrated by Muromachi (1957) ( see in Fig. 18(a) ) and`qu＝2tv' obtained from the relation of the undrained shear strength ( see in Fig. 17 ). Comparing these equations and the results obtained from on-board tests, the result obtained from on-board tests are slightly lower than the equations, respectively. Therefore, it should be noted from Fig. 17 and 18 that the q c obtained by on-board cone penetration test is lower than the qc obtained by normal in-situ test. It is considered that the causes for the decrease of qc are as follows:
Comparison of Onboard Test Results
1) The qc obtained from Muromachi's equations has higher and wider ranges (from 50 kPa to 800 kPa) than those of the on-board test results (from 0 kPa to 150 kPa).
2) The soil hardness tester used for the on-board cone penetration test is smaller than that of the normal in-site test.
Core Recovery Rate
As mentioned above, it is considered that a decrease of the strength and share wave velocity obtained from the mud volcano samples are re‰ected in the vaporization of gas contained in the pore water and the dissolution of Peschanka P2 area small gas hydrates because of decrease in the pressure and increase of the temperature during the sampling. In addition, they are also re‰ected in the grain size distribution shown by the relationship between the soil description ( see in Fig. 7 ) and the results of the soil proˆles ( see in Figs. 9 to 11 ). On the other hand, as shown in Fig. 7 and Photo 2, the mud volcano samples lack of a clear sediment layer compared to the reference samples. Therefore, it is considered that the strength and shear wave velocity of the mud volcano ground are possibly lower than those of the reference ground, because the mud volcano ground is disturbed by the emission of water and gas. Here, as a measure of the ground strength, Figs. 19(a) and (b) show the core recovery rate calculated by dividing the length of the core sample by the core length. In thê gures, only unoccupied gas hydrates in the mud volcano cores are noted to compare with the reference cores. At the Kukuy K2 area ( see in Fig. 19(a) ), the average of the core recovery rate obtained from the mud volcano cores (72.3z) is slightly higher than that of the reference cores (66.7z). Therefore, it is supposed that the lake-bottom condition in the mud volcano ground is possibly softer than the reference ground, because the mud volcano ground is disturbed by the emission of water and gas. On the other hand, the Peschanka P2 area ( see in Fig. 19(b) ) shows high values at both grounds. From this result, it is considered that the strength of grounds in Peschanka P2 area is low throughout the area, and the decrease of the mud volcano samples in this area are mainly re‰ected in the disturbance of the samples by the vaporization of gas contained in the pore water and the dissolution of small gas hydrates. Therefore, from these on-board tests results, it is suggested that the strength of the sea-and lake-bottom grounds above gas hydrate are remarkably low if the decrease in the pressure and increase of the temperature occur at the sea-and lake-bottom.
LABORATORY TEST RESULTS
For the mud volcano sample immediately after recovery, the strength was lower than that of the reference sample because the mud volcano sample was disturbed by vaporization of dissolved gas at the sampling and by gas that had been discharged from the deeper part of the ground. To evaluate the mechanical properties of the mud volcano and reference samples after gas venting and recompression, we conducted unconˆned compression tests and OE tests on the transported samples, and compared the unconˆned compression strength and consolidation characteristics of the samples. We conducted a BE test afterˆnishing the consolidation process of each OE test, and clariˆed the relationship between the consolidation pressure and the shear modulus obtained from each sample.
Unconˆned Compression Test
The qu of the mud volcano and reference samples transported from the Peschanka P2 area and that of the transported samples after remolding, qur, are shown in Fig.  20(a) . We compared the strength of samples at each depth by using theˆgure showing the results of the onboard test immediately after sample recovery and the results of the laboratory tests after transportation. We recovered two samples from each of the mud volcano and reference locations in each area, and prepared one sample for onboard testing and one for laboratory testing.
The values for qu of the reference samples transported and tested in the laboratory showed no marked diŠerence from those of the reference samples tested on board. For the mud volcano samples, the qu, which is low in the onboard test, shows values as high as those of the reference sample in the laboratory test. The qu of the remolded sample shows a uniform value of qur §5.0 kPa for both the mud volcano and reference samples in the onboard and laboratory tests. The sensitivity ratio St (＝qu/qur) is shown in Fig. 20(b) . In the on-board test, the sensitivity ratios of the mud volcano samples are uniformly lower than those of the reference samples, which show that the mud volcano samples immediately after recovery underwent greater disturbance than the reference samples did. Even though the S t of the mud volcano sample tested in the laboratory shows low values from the top to the depth of 150 cm, the St of the mud volcano sample shows higher values than that of the reference sample at the points past 150 cm and deeper. The strength of the mud volcano sample at laboratory testing is diŠerent from that immediately after recovery. From these results, it should be noted that the strength of the mud volcano samples obtained from the laboratory tests after transportation is higher than those of the on-board tests. Therefore, it is considered that the eŠective stress of the mud volcano samples after transportation increased compared to the on-board samples. Due to this reason, the pore water pressure, which temporarily rose because of vaporization of dissolved gas in the stress release at sampling, decreased during the time when sample was kept vertical for some time on board. In addition, the samples are compressed by self-weight of sediments while these were stored vertically on bored for several days, because of water drains from between the pipe and the samples. For the mud volcano samples, vaporization of dissolved gas creates voids in the core, which contribute to the greater compression in the mud volcano sample than that in the reference sample. The greater compression is thought to be one of the factors contributing to the strength increase in the transported samples. Figure 21 shows the consolidation curves obtained from the OE test for the reference samples ( see in Fig.  21(a) ) and for the mud volcano samples ( see in Fig.  21(b) ) from the Peschanka P2 area. For the reference samples, the initial void ratio, e 0 varies from 1.8 to 2.0, and the sample recovered at the depth of 145 cm shows a high initial void ratio of e0 §2.8. The mud volcano samples show a uniform initial void ratio of e0 §1.9 at all depths. There is no depth-wise diŠerence in the mud volcano samples. Figure 22 shows the physical properties of the samples measured in the OE tests. The w, wL, and wp are shown in Fig. 22(a) ; the rs is shown in Fig. 22(b) . The consolidation yield stress, pc, obtained from Fig. 21 is shown in Fig. 22(c) , compression index, C c , is shown in Fig. 22(d) , swelling index, Cs, is shown in Fig. 22(e) , and coe‹cient of permeability, k, when the average consolidation pressures are 13.9 kPa and 111 kPa is shown in Fig. 22(f) . The values are plotted depth-wise. It is found from these values that the mud volcano samples have less depth-wise variation than the reference samples have. The relationship between the pc of the mud volcano and reference samples and the in-situ eŠective overburden pressure, s? v, shows that all of the pc values are greater than the s? v values. On the basis of these reasons, it is considered that the disturbance in sedimentary layer by the emission of gas and water, and the vaporization of dissolved gas by the stress release of the mud volcano ground are re‰ected in the diŠerence of the consolidation characteristics between the mud volcano and reference samples.
Consolidation Test
Bender Element Test
Comparison between measured qu for the mud volcano and that for the reference samples at the large-strain region shows that the transported mud volcano and reference samples have nearly equal qu. In this section, deformation behaviour of the transported samples at small strain region was examined from the relationship between the p at completion of consolidation process in each of the incremented OE tests and the GVh obtained from the BE test. Figure 23 shows the relationship between the p and the GVh. The s? v atˆve depths are shown in the same Fig. 23 . Relationships between consolidation pressure p and shear modulus GVh in the Peschanka P2 area gure. Consolidation pressure is classiˆed in three categories: over consolidation (OC), normal consolidation (NC), and unloading. The in‰uence of consolidation pressure on the shear modulus in each range was examined. In the OC region, the GVh of the mud volcano sample is slightly smaller than that of the reference sample. It is possible that vaporization of the dissolved gas at sampling of the mud volcano sample disturbed the sample and lowered the shear modulus, and that the sediment in the mud volcano area is disturbed by the water and gas discharge and the sedimentary structure is less developed than that of the reference ground, all of which contribute to the decrease in the shear modulus in the mud volcano samples. In the NC region, except for the reference sample at the depth of 145 cm, the diŠerence between the shear modulus of the mud volcano and that of the reference samples decreases as the consolidation pressure increases. This is thought to be because the sedimentary structure of all samples developed uniformly with increases in the consolidation pressure. Once the sample is loaded to the NC region, the sedimentary structure does not change even if the sample is unloaded to lower than the overburden pressure, which is thought to be the reason for the approximately uniform shear modulus in the mud volcano and reference samples ( see in Fig. 23) . As for the reference sample retrieved from the depth of 145 cm, the shear modulus in the NC region is lower than those of the mud volcano sample at the same depth, because the physical properties of this sample are markedly diŠerent compared with the samples retrieved from the same area ( see in Figs. 22(a) and (b) ).
Comparison of Soil Properties between Lake Baikal and Other Sites
Compressibility of a soil is often characterized using the Cc. Logically if a soil experiences great deformations for a small change in pressure, the soil is considered to be very compressible. In natural soils, C c can vary for diŠer-ent void ratios, even for sediments deposited within a single sedimentary basin (refer to Leroueil et al., 1983) . Figure 24 shows the relationship between Cc and e0 obtained from OE test, and those of the test results in Saguenay Fjord presented by Levesque et al. (2007) . From thisˆgure, there is no clear diŠerence between the sediments of the Lake Baikal and Saguenay Fjord. Leroueil et al. (1983) demonstrated that Cc depends on the St and e0. The relationship between Cc and St is shown by a series of lines in Fig. 24 . As can be seen in Fig. 24 , St obtained from the Lake Baikal sediments are between 1 and 4. St obtained from unconˆned compression test tend to between 2 and 4, indicating that it is approximately possible to estimate the St for the OE test. The relationship between the Cc and wL is shown in Fig. 25 . In thê gure, the lines obtained from equations proposed by (kPa) (Shibuya and Tanaka, 1996) (7) Zen et al. (1987) did not use the e, and proposed the following equation that expresses the shear modulus in relation to the plasticity index, I p .
Gmax＝(285-2Ip)s? m (kPa) (Zen et al., 1987) (8) Figure 26 shows the measured shear modulus, GVh measured , in the OE test at the compressive pressure of p＝9.8 kPa, which is below the in-situ overburden pressure; at p＝ 78.5 kPa, which is above the in-situ overburden pressure; and at 314 kPa. Theˆgure also shows the calculated shear modulus, Gmax calculated , obtained from the estimation Eqs. (6), (7) , and (8). The Gmax calculated in theˆgure were obtained by assuming a value of 0.5 for the coe‹cient of earth pressure at rest, K0, in the OE test. For the low consolidation pressure in the over consolidation region ( p＝ 9.8 kPa), the values for three equations slightly diŠer; however, for all three consolidation regions, the calculated values tend to be 0.5-2.0 times the measured values. Almost no diŠerence is found between the shear modulus of the mud volcano and reference samples.
In light of the above, we conclude that the compression properties and shear modulus of the shallow layer sediment of Lake Baikal do not diŠer very much from the soil properties of sediments from the other marine areas, and it is possible to estimate the ground strength by using the conventional estimation equations.
CONCLUSIONS
The surveys were conducted in the Lake Baikal, Russia from 2005 to 2007, and several kinds of tests were conducted for the lake-bottom sediments. Based on the comparison with the core observation and various tests results on the mud volcano and reference samples, the following conclusions were obtained; (1) Cores with gas hydrates were retrieved from the mud volcano grounds. Gas hydrates observed in the cores appear in massive, grains or veins, and their distribution patterns diŠered from the distribution patterns of deep gas hydrates, which mostly form in sandy soil. (2) In the cores in which gas hydrates were found, many voids of 0.1-0.5 cm were observed. The voids are thought to have formed from the vaporization of dissolved gas and the dissociation of minute grains of gas hydrate associated with the temperature rise and pressure decrease during sampling. (3) In the mud volcano samples, the clearly layered sedimentary structure that was observed in the reference sample was not observed. It is considered that the ground had been disturbed by gas discharge in the mud volcano area. (4) Physical properties of the sediments retrieved from the mud volcano and reference grounds at the same areas were almost similar, regardless of depth. (5) Mechanical tests conducted immediately after the sample recovery showed that the strength of the mud volcano samples was lower than that of the reference samples. From this result, it is considered that the decrease of the strength obtained from the mud volcano samples is re‰ected in the vaporizing of gas in pore water and the dissolving of gas hydrates by the decrease of pressure and the increase of temperature during the sampling. In addition, it also seems that the diŠerence in the strength between the mud volcano and reference samples is re‰ected in the grain size distribution. (6) When sample recovery that involves stress release is done in hydrate-bearing ground, the strength of samples immediately after recovery tends to be underestimated because of the disturbance that occurs at sampling. It is suggested that when hydrates are recovered using methods that involve temperature rise or pressure decrease, which result in dissociation of hydrates in shallow gas hydrate-bearing ground, the sea-or lake-bottom may experience reduction in stability, because of the decreased ground strength. (7) In the sediments retrieved from the mud volcano grounds, the strengths obtained from the laboratory test were higher than those of the on-board test. Therefore, it seems like the samples were compressed by the self-weight of sediments while these were stored vertically on board for several days. On the other hand, the consolidation characteristics of the mud volcano and reference samples showed no marked diŠerences. At small strain region, however, a moderate decrease in shear modulus was conˆrmed in the mud volcano samples whose consolidation pressure was lower than the in-situ overburden pressure. From these results, it is suggested that when methane hydrates are recovered using methods that involve temperature rise or pressure decrease, which result in dissociation of methane hydrates in shallow gas hydrate-bearing ground, the sea-or lake-bottom may experience reduction in stability, because of the decreased ground strength.
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